Joining of thirty three percent by weight random carbon fibre reinforced low density polyethylene using variable frequency microwave by Ku, Harry S.
Joining of Thirty Three Percent by Weight Random Carbon Fibre Reinforced Low 
Density Polyethylene using Variable Frequency Microwave  
 
H S Ku 
 
Faculty of Engineering and Surveying, University of Southern Queensland (USQ), 
Australia 
 
Corresponding Author: 
Title   :  Dr. 
Name   :  Harry Siu-lung Ku   
Affiliation :  Faculty of Engineering and Surveying, 
                           University of Southern Queensland. 
Tel. No. :  (07) 46 31-2919 
Fax. No. :  (07) 4631-2526 
E-mail  :  ku@usq.edu.au 
Address : Faculty of Engineering and Surveying, 
                          University of Southern Queensland, 
                          West Street, Toowoomba, 4350, 
                          Australia.  
Abstract: This paper extends the range of applications for Variable Frequency 
Microwave facilities (VFMF) (2 – 18 GHz) to joining thirty three percent by weight 
carbon fibre reinforced low density polyethylene composite [LDPE/CF (33%)]. With a 
given power level, the composite was exposed to various exposure times to microwave 
irradiation. The primer or coupling agent used was 5-minute two-part adhesive containing 
100% liquid epoxy and 8% amine, ie Araldite. Bond strengths of the joints were lap shear 
tested and results were compared with those obtained using fixed frequency (2.45 GHz) 
microwave processing. The VFMF was operated under software control, which provided 
automatic data logging facilities.  The maximum lap shear strength of joint was 230 
N/cm2 using variable frequency microwave facility while that obtained by fixed 
frequency microwave configuration was only 150 N/cm2.  The former was found to be 
53% stronger than the latter. 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 
Industrial applications of microwaves are relatively new technology.  Sutton (1989) 
mentioned that factors that hinder the use of microwaves in materials processing are 
declining, so the prospects for the development of this technology seem to be very 
promising. Metaxes and Meredith (1983); Siores (1994) stated that mechanisms that 
govern the energy distribution process during microwave joining of materials include 
dipole friction, current loss and ion jump relaxation. This results in a relatively uniform 
heat distribution throughout the entire exposure to microwave irradiation, immediately in 
front of rectangular or circular waveguides.  The fast heating rate encountered using 
microwave energy can thus lead to reduced processing time and consequent energy 
efficiency.  These advantages have encouraged the development of facilities for joining a 
range of thermoplastic composites autogenously and heterogeneously.  Siores (1994); Ku 
et al., (1999a; 1997) described that in the heterogeneous mode, at room temperature, 
transparent materials, including a range of thermoplastic and thermosetting resins can be 
bonded using two part adhesives cured at fast rates when exposed to focused microwave 
irradiation.
 
Thuery (1992); Liu et al. (1996) mentioned that in conventional microwave processing, 
microwave energy is launched at a fixed frequency of either 915 MHz or 2.45 GHz or 5.8 
GHz or 24.125 GHz into a waveguide or cavity and it brings with it the inherent heating 
uniformity problems like hot spots and thermal runaway.  Metaxas and Meredith (1983) 
mentioned that thermal runaway is the uncontrolled rise in temperature in some hotter 
parts of a material subject to microwave heating.  This is because the hotter parts absorb 
more microwave energy than any other part of the material and convert it into heat.  A US 
based company developed a new technique for microwave processing, known as variable 
frequency microwave (VFM) technique, to solve the problems brought about by fixed 
frequency microwave processing.  The technique is geared towards advanced materials 
processing and chemical synthesis.  It offers rapid, uniform and selective heating over a 
large volume at a high energy coupling efficiency.  This is accomplished using 
preselected bandwidth sweeping around a central frequency employing tunable sources 
such as travelling wave tubes as the microwave power amplifier.  Liu et al. (1996); Wei 
et al. (1998) described that selective heating of complex samples and industrial scale-up 
were now viable.  Wei et al. (1998); Fathi et al. (undated) described that successful 
applications have been reported in the areas of curing advanced polymeric encapsulants, 
rapid processing of flip-chip underfills, materials characterisation, curing profiles for 
various adhesives, structural bonding of glass to plastic housing.
 
When microwave energy of a fixed frequency, eg 2.45 GHz is launched into a 
waveguide, eg WR340, as depicted in figure 1(a), containing a piece of material, some 
areas of the material experience higher electric field strength than others; the situation 
would even be more profound if the microwave energy was launched into a multimode 
cavity because many resonant modes are established.  Figure 1(b) shows the fixed electric 
field pattern across any cross section of the joint of the test pieces during fixed frequency 
heating.  Those areas with higher electric field strength would be heated more, creating 
hot spots, which could even lead to thermal runaway.  Wei et al. (1998) claimed that with 
variable frequency microwave heating, as shown in figure 2(a), more than one thousand 
frequencies were launched into the cavity sequentially.  Each incident frequency set up its 
own electric field pattern across any cross section of the joint of the test pieces, and 
therefore resulted in hot spots at different locations at different time, as shown in figure 2 
(b).  Different areas were heated under different frequencies at different times.  When a 
sufficient bandwidth was used, every element of the test piece would experience hot spots 
at one or more frequencies during sweeping.  Therefore, time-averaged uniform heating 
could be achieved with proper adjustment of the frequency sweep rate and sweep range.  
Another advantage of the VFM heating is the capability of providing precise frequency 
tuning to optimise the coupling efficiency.  
 
2. VFM processing of materials 
 
The variable frequency microwave facilities (VFMF) are located at Industrial Research 
Institute, Swinburne (IRIS), Swinburne University of Technology, Australia and consist 
of a Microcure 2100 Model 250 with a frequency sweep range of 2 - 8 GHz operating at a 
nominal power of 250W, and of a Wari-Wave VW1500 with a frequency range of 6.5 – 
18 GHz at a nominal power of 125 W.  The VFMF consist of a curing cavity and an oven 
control system, which is linked to a PC for programme input.  The dimensions of the 
cavity for Microcure 2100 Model 2500 are 300 mm x 275 mm x 375 mm.  The cavity 
dimensions of Wari-Wave VW 1500 are 250 mm x 250 mm x 300 mm.  In these 
experiments, two halves of lap shear test piece of the sample, as shown in Figure 3 were 
joined together using VFM energy with Araldite as primer. The lapped area for the joint 
was 1.0 cm x 2.0 cm.  The bond surfaces were first roughened with coarse, grade 80 
emery paper.  The roughened surfaces were then cleaned and degreased by immersing 
them in methanol.  After drying, Ku et al. (2000a) claimed that around 1.5 to 2 cubic 
centimetres of five-minute two-part Araldite was applied to the two roughened surfaces 
to increase the mechanical keying or interlocking.   The two test pieces were then brought 
together and the total pressure applied was about 4 N.   Programme with the required 
parameters was then written and input to control the VFMF via a PC.  For Microcure 
2100 Model 250, the input power level could be varied in steps of 10 W, starting from 50 
W to 250W.  During cavity characterisation, the actual amount of power that passed 
through the test pieces with respect to time was measured using fibre optic; in addition, 
the power reflected back from the material could also be detected.  By this way, the best 
frequency range to process a material by microwaves can be found. Ku et al. (2000b) 
found that the best frequency ranges to process LDPE/CF (33%) were 8.5 – 9.0 GHz or 
10.7 – 12.0 GHz. 
 
3. Program for LDPE/CF (33%)  
 
In this study, Wari-Wave VW 1500 variable frequency microwave facility (VFMF) is 
used.  The frequency range for this equipment is from 6.5 to 18 GHz and the best 
frequency to process LDPE/CF (33%) is either 8.5 – 9 GHz or 10.7-12.0 GHz.  A central 
frequency of 9.0 GHz has been selected in accordance with the best frequency range to 
process the material. Bows (1999) mentioned that since the bandwidth of the sweep 
should be greater or equal to 1.1 GHz, the selected bandwidth was 1.1 GHz.  The actual 
start and stop frequencies would be centre frequency 
2
bandwidth± , ie the sweep would 
be from 8.45 GHz to 9.55 GHz.  Because the sweep time could range from 0.1 second to 
100 seconds, the chosen sweep time was 0.1 second. Because of the carbon fibre, the 
material loss tangent was relatively high, Ku et al. (2000a; 2000b; 1999b; 2001a; 2001b; 
Bows (1999) selected a power level of 100 W for processing the material.  The 
processing temperature was set at 95oC with a deadband (precision) of 1oC and the total 
processing time was set at 90 seconds.  The maximum permitted temperature was set at 
100oC, above that the machine was switched off automatically.  The programme for 
joining LDPE/CF (33%) were as follows: central frequency  = 9.0 GHz; bandwidth  = 1.1 
GHz; sweep time = 0.1 secs; power output = 100 Watts; set temperature = 95 oC; 
deadband = 1 oC; duration = 90 seconds; maximum temperature = 100 oC. 
 
Ku et al. (2001b) found that the centre sweep frequency, 9.0 GHz, and its sweep 
bandwidth, 1.1 GHz, were very close to that required for processing the epoxy resin 
primer, Araldite at optimum conditions. 
 
A maximum temperature of 100 oC was selected because it was very near to the melting 
point of one of the main constituents of the composite, the low density polyethylene 
(LDPE).  The reason for setting this maximum temperature was to avoid excessive 
temperature rise, which forms hot spots and thermal runaway.  Software programs for 
controlling other exposure time were also written.  Results of the process are given later 
on. 
4. Fixed frequency microwave processing of materials 
 
In the fixed frequency microwave processing of LDPE/CF (33%), two microwave 
configurations were used.  One was a microwave focus, high energy rate, fixed frequency 
equipment with slotted waveguide, as shown in Figure 4 and the other was the variable 
frequency microwave (VFM) oven but set at a fixed frequency of 2.5 GHz.   
 
4.1.  Fixed frequency equipment 
 
This involved the use of a TE10 mode rectangular waveguide operating in a standing wave 
configuration.  Slots were machined in the waveguide allowing the adhesive layer on the 
specimens to pass through the microwave region.  Siores and Groombridge (1997); Ku et 
al., (1997) mentioned that LDPE/CF (33%) specimens with the same lap area and surface 
treatment were placed in a standard rectangular waveguide as depicted in Figure 5.  To 
avoid microwave radiation leakage, the slotted waveguide was enclosed in a modified 
commercial microwave oven case (Figure 4).   One to one and a half millilitre of Araldite 
were smeared on both surfaces of the lapped area.  Ku et al. (1997) claimed that a short 
circuit was adjusted to ensure that the maximum of the standing wave coincided with the 
lapped area of the specimen.  The input power to the system was in a step function and 
could only be 240W, 400W, 640W and 800W.  The power was changed by altering the 
power of the source.  The duration of exposure could be increased in steps of 1 second.  
The change of temperature during the joining process was not measured.  The samples 
were exposed to 400 W and 240 W of power at different exposure times.  The magnetron 
was operating at 2.45 GHz.  The bonds formed were lap shear tested and the results are 
outlined later. 
 
4.2 Program for PS/GF (33%) using VFMF but at a fixed frequency of 2.5 GHz. 
 
The program for joining LDPE/CF (33%) were as follows: central frequency  = 2.5 GHz; 
bandwidth  = 0.0 GHz; power output = 100 Watts; set temperature = 95 oC; deadband = 1 
oC; duration = 20 seconds; maximum temperature = 100 oC.  Software programs for 
controlling other exposure duration were also written.  Results are discussed later. 
 
5. Results 
 
5.1 LDPE/CF (33%) joining using VFM 
 
During processing, it was found that the temperature rose steadily with no sign of hot 
spots or thermal runaway.  The maximum temperature reached was 95oC at time equalled 
to 90 seconds.  For obtaining lap shear test results, several sets of test pieces were joined 
at different duration. A Shimadzu tensile testing machine was used for the lap shear test.   
Bolton (1996) described that a load range of 2000 N and a load rate of 600 N per minute 
were suitable for the test.  The results are summarised in Figure 6.  The lap shear strength 
increased from 180 N/cm2 at an exposure time of 40 seconds to 230 N/cm2 (peak value) 
at an exposure time of 80 seconds.  Most of the failures were at the bondline.  At 
exposure time of 90 seconds, the lap shear strength is 246 N/cm2 but the area around the 
bondline was twisted with very poor bond quality. The failure is at the parent material. 
This reading should be discarded.  This means that the parent material [LDPE/CF (33%)] 
is weakened by the excessive exposure to microwave irradiation.  Ku et al. (2000c) 
claimed this behaviour is similar to that of LDPE/GF (33%) [thirty three percent by 
weight random glass fibre reinforced low-density polyethylene] when exposured to 
excessive microwave energy.  
 
5.2 LDPE/CF (33%) joining using fixed frequency slotted rectangular waveguide 
 
With reference to Figure 7, it was found that with 400 W power level, the lap shear bond 
strength increased from 36 N/cm2 at an exposure time of 5 seconds to 129 N/cm2 (peak 
value) at an exposure time of 7 seconds.  Most of the failures were at bondline. At an 
exposure time of 8 seconds, the lap shear strength is 127 N/cm2 but the area around the 
bondline was deformed with poor bond quality. This reading should be discarded.  The 
failure was at the parent material.  This means that the parent material [LDPE/CF (33%)] 
is again weakened by the excessive exposure to microwave irradiation.  With a power 
level of 240 W (Figure 8), The lap shear bond strength increased from 81 N/cm2 at an 
exposure time of 7 seconds to 150 N/cm2 (peak value) at an exposure time of 10 seconds, 
and then decreased to 129 N/cm2 at an exposure duration of 15 seconds.  Failures were at 
bondline. At an exposure time of 20 seconds, the lap shear strength is 137 N/cm2 but the 
test piece was deformed with very poor bond quality. The failure was at the parent 
material. This reading should be discarded.  This means that the parent material 
[LDPE/CF (33%)] is again weakened by the excessive exposure to microwave energy.  
Ku et al. (2000c) carried out an experimental and analytical study to confirm this. 
 
5.3 LDPE/CF (33%) joining using VFM but with a frequency fixed at 2.5 GHz 
 
With a VFMF, a fixed frequency of 2.5 GHz was chosen.  The same primer was also used 
and the power level of 100 W was chosen and several sets of test pieces were processed 
at different time intervals. The maximum temperature of 95oC was recorded in running 
this experiment. 
 
Figure 9 shows the apparent lap shear bond strength of LDPE/CF (33%) bonded with 
two-part five-minute araldite as primer, using VFMF.  The word ‘apparent’ was used 
because all test pieces but one, with an exposure time of 12 seconds, failed at the parent 
material and not at the bondline. This meant that the bondline was stronger than the 
parent material.  It was found that the apparent peak bond strength of 216 N/cm2 was 
observed at an exposure time of 18 seconds. Values for other exposure times were all 
above 160 N/cm2.  
 
6. Discussion 
 
Referring to Figure 6, it is found that the maximum lap shear bond strength obtained by 
joining LDPE/CF (33%) using variable frequency microwave (VFM) facility with 
Araldite as primer is 230 N/cm2, which is only 6.5% higher than that (216 N/cm2) (Figure 
9) obtained using VFMF but at a fixed frequency of 2.5 GHz.   It takes 80 seconds to 
employ the former parameters to arrive at the peak lap shear bond strength.   While, it 
takes 18 seconds (3.45 times shorter) to use the latter parameters to achieve the maximum 
lap shear strength.  However, the lap shear bond strengths obtained at various exposure 
times by using the former parameters are higher than those procured by the latter.  
Moreover, no hot spot (Figure 10) can be identified if the joining process is carried out 
using VFMF configuration.  On the other hand, hot spots, as indicated by a white arrow 
in Figure 11, can be found if the joining is carried out using VFMF but at a fixed 
frequency of 2.5 GHz. 
 
Referring to Figures 7, 8 and 9, it is found that the lap shear strengths, including the peak 
one, obtained using VFMF but at a fixed frequency of 2.5 GHz, were higher than those 
obtained using the fixed frequency microwave configuration (Figure 4). The apparent 
peak bond strength was 144 % of that obtained with a power level of 240 W, using the 
fixed frequency facilities.  It was 168% of that obtained with a power level of 400 W.  In 
addition, the exposure times in VFM were similar to its counterpart.   Since the failure of 
the test pieces were mainly at the parent material, it could be argued that the bondline 
strength should be more than 216 N/cm2.   In fact, it can be more than 230 N/cm2 as in the 
case of joining the material using VFMF. 
 
 
 
 
7. Conclusions 
 
LDPE/GF (33%) has been successfully joined by Araldite using VFMF with excellent 
bond quality (Figure 10).  The average lap shear strength obtained was 393 N/cm2. This 
good result has to be attributed to the success of the VFMF as it can exactly find out the 
best frequency to process a material.  It can therefore be argued that finding the optimum 
cavity conditions (characterisation) of a material using VFM facility is the first step in 
microwave processing of any material.  In this research, the characterisation of the 
material, LDPE/CF (33%) and the primer, Araldite was carried out. It is a much-preferred 
way of using microwave energy because without it time, effort and money would be 
spent unwisely.  Ku et al. (2000a; 2001a) claimed that the best frequency range to process 
both the adherend and the primer is very near to each other and there is significant 
overlapping area between them.  There would be no problem as to which frequency range 
is chosen in processing the materials.  If the best frequency range to process the two 
materials are quite far apart, then it is necessary to find out which material is more 
microwave reactive.  The frequency range of the more lossy material, ie with higher loss 
tangent will then be selected for processing the material system.    On the other hand, the 
use of a fixed frequency facility to join LDPE/CF (33%) is not recommended because the 
lap shear strength is low and the quality of the bond is poor with possible hot spots.  It 
can be argued that when VFMF is used to process LDPE/CF (33%) at a fixed frequency 
of 2.5 GHz, a lower power level, say, 50 W can be selected and improved lap shear 
strength can be expected. However, experiments show that if the exposure times are short 
bonds will not form.  If the exposure duration is too long, the bond strengths are low and 
they tend to fail at the parent materials.  Ku et al. (2000c) claimed that this is due to 
excessive exposure to microwave irradiation since the parent material is weakened.  The 
case is even more profound here because the reinforcing carbon fibres are lossy materials 
and tend to absorb more microwave energy than their glass fibre counterparts. The 
LDPE/CF (33%) is therefore weakened more than its glass fibre composite rival.  In 
conclusion, the fixed frequency facility is not suitable for joining any thermosetting or 
thermoplastic composites reinforced with carbon fibres. 
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                    a) 2.45 GHz Microwave Energy Launched into a Single Mode Applicator 
          
                        
                                                      b) Electric Field Pattern for (a) 
 
                    Figure 1: Fixed Frequency Microwave Heating – Nonuniform Heating 
 
                     
                      a) Variable Frequency Microwave Energy Launched into Multi Mode Cavity 
 
               
 
                                     b) Electric Field Pattern at Different Times in (a)   
              Figure 2: Variable Frequency Microwave Heating – Time-Averaged Uniform Heating 
                                   
                              Figure 3: Two Mirror Image Test Pieces of LDPE/CF (33%) Composite 
 
                                           
 
                             Figure 4: Slotted Rectangular Waveguide Microwave Configuration  
 
 
            
 
                     Figure 5: Slotted Rectangular Waveguide Used for Joining 
LDPE/CF (33%) 
                     with Araldite Using Fixed Frequency Equipment                     
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                      Figure 6: Lap Shear Strength of LDPE/CF (33%) Bonds Joined by VFM 
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       Figure 7: Lap Shear Strengths of LDPE/CF (33%) and Five Minute Two Part Adhesive at 400 W 
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       Figure 8: Lap Shear Strengths of LDPE/CF (33%) and Five Minute Two Part Adhesive at 240 W 
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          Figure 9: Lap Shear Strength of LDPE/CF (33%) with Araldite Using VFMF but at 2.5 GHz  
 
 
 
 
 
 
 
   Figure 10: No Hot Spot found in the Lap Shear Bond Obtained through VFM Processing 
 
 Figure 11: Hot spots are present (as indicated by white arrow) in the Lap Shear Bond Obtained     
through FFM (fixed frequency microwave) Processing.   
 
